Abstract Neurologic complications for HIV-infected persons retain significant prevalence despite an increasingly global use of antiretroviral therapies. Such complications are often ascribed to advanced immunosuppression; however, the most common neurologic problems for HIV-infected persons, distal sensory polyneuropathy and HIV-associated neurocognitive disorders, affect a significant proportion of patients who have successfully achieved immunologic restoration with normal or near-normal CD4 count levels and undetectable HIV RNA in the periphery. Understanding specific considerations for HIV-associated complications, including the epidemiology, risk factors, medicationadverse effects, and benefits of appropriate management, is vital for all providers caring for those with HIV. This review will describe such considerations, as well as providing a more detailed review of the most common neurologic complications of HIV infection, and will highlight some of the challenges involved with diagnosis, management, and longterm effects.
Introduction
Both the central and peripheral nervous systems are potential targets for HIV-associated injury and subsequent disease and disability. Despite the widespread availability of combination antiretroviral therapy (CART) throughout much of the developed world, these diseases persist for various reasons that are only partially understood. This review will focus on areas that have received considerable or increased research attention over the past several years: central nervous system (CNS) injury during early HIV infection, HIVassociated neurocognitive disorders (HAND), and HIVsensory neuropathy (HIV-SN). These topics highlight the widespread neurologic injury associated with HIV infection, as well as the numerous unanswered questions that are key in learning to effectively manage and potentially repair such injury.
Biology of HIV Nervous System Disease
The blood-brain barrier (BBB) is a selectively permeable brain compartment that is typically resistant to infections of the periphery. Unfortunately, HIV-1 traverses the barrier within days of primary infection, likely through its tropism for CD4+ cells, including T-lymphocytes and macrophages that act as transporters across the barrier. This "Trojan horse" mechanism occurs in an uncompromised BBB, and so CNS invasion by HIV is essentially unavoidable [1] . Once in the CNS, the virus replicates within macrophages and perivascular microglia (also CD4 + ), although it can be found in other CNS cells, including astrocytes [2] .
While HIV does not directly invade neurons, they can be damaged by indirect mechanisms, including the HIV neurotoxic proteins Tat and gp120, or through HIV-infected macrophage and microglia cells' release of proinflammatory cytokines [3] . Multiple brain sites are susceptible to injury from HIV; however, the most prominently affected areas include the basal ganglia, frontal cortices, and subcortical white matter [4] . Furthermore, specific areas such as the caudate nucleus, amygdala, and corpus callosum appear to suffer volume loss despite the use of CART, suggesting either irreparable damage induced prior to initiation of CART or ongoing injury that is unmitigated in the presence of CART [5] . Thus, there can be broad damage to the nervous system by HIV, and this is increasingly recognized without the advanced immunosuppression that has historically been associated with CNS injury.
Disease Burden of CNS HIV Complications
CART has overall decreased CNS-related morbidity and mortality over the past 15 years in patients infected with HIV. However, neurologic disease remains a persistent burden for many patients. In a unique population-based study of prevalence of all registered HIV-infected patients in southern Alberta, Canada (n01,653), 24.5 % had a diagnosed neurologic complication of HIV [6] . The highest prevalence rates were for distal-sensory polyneuropathy (10 %) and HIV-associated neurocognitive disorders (6.2 %, with asymptomatic forms excluded). Patients with at least one neurologic diagnosis had a mortality rate 3.1 times higher than for those without neurologic disease, and such patients had significantly lower nadir and baseline (at the time of neurologic diagnosis) CD4 + cell counts and higher baseline plasma HIV RNA viral loads.
Importantly, the rates of neurocognitive impairment and sensory neuropathy in this population were reported as significantly lower than in other recent studies of large cohorts infected with HIV. The differences likely extend from the exclusion of asymptomatic patients in the Canadian study, as well as potential referral bias in that patients with a confirmed neurologic diagnosis were included only if HIV practitioners had referred them to neurologists who had then made the diagnosis of HAND or neuropathy. The true incidence of such conditions is likely higher among general populations of HIV-infected persons; however, despite these limitations, this large epidemiologic study confirms a significant neurologic disease burden for HIV-infected patients that predicts mortality in the modern era.
Early HIV Infection and CNS Penetration
CNS invasion and injury have been difficult to document in the early seroconversion period because of the difficulty in identifying these patients early enough for valid research; however, recent studies have brought forth new data during this period. In a recently reported sample of 18 patients, CNS invasion by HIV was documented as early as 8 days after infection [7] . However, at a median of 14 days after exposure, 3 of the patients studied did not have measurable levels of HIV RNA in cerebrospinal fluid (CSF), suggesting that such early infection is not universal and host and/or viral characteristics may affect the timing of such viral penetration. A similar study of 107 patients with infection occurring a median of 78 days after HIV transmission compared patients with a detectable versus undetectable CSF viral load, using a variety of characteristics, including neurocognitive performance and immune activation levels [8] . The patients with undetectable CSF viral loads had lower rates of plasma and CSF CD8 + T-cell activation; however, there was no such difference for monocyte activation levels. Furthermore, when a subset of patients were retested approximately 1 year later, there were no such differences found between the groups. It remains unknown why there is such variation in CNS susceptibility to HIV during the early postinfection period and how and whether such variability affects neurologic outcomes during longer-term infection.
The importance of early CART therapy in reducing neurologic disease effects was highlighted in a longitudinal cohort of acutely infected HIV persons with baseline results a median of 4 months from infection date [9] . Of these patients, 20 % performed at least 1 SD below standardized norms on several neuropsychological measures of cognitive function. When patients were followed with serial testing, performance continued to decline for those not initiated on CART. For those patients initiated on CART after a median of 254 days after HIV exposure, cognitive function stabilized but did not improve. This suggests that early damage after HIV exposure may not improve after initiation of CART; however, further deficits are prevented.
HAND
A 2007 AAN consensus panel updated the definitions for cognitive impairments related to HIV that are now defined as HAND [10••] . These include the milder form asymptomatic neurocognitive impairment (ANI) and mild neurocognitive disorder (MND), which have an especially high prevalence in the modern era of up to 45 %, as well as HIV-associated dementia (HAD), which was more commonly seen in the pre-CART era and now affects fewer than 5 % of patients with HIV [11••]. These diagnoses require a detailed neuropsychological battery, determinants of impairments of daily living activities, and an exclusion of any confounding factors, including advanced psychiatric illness, CNS opportunistic infections, or hepatitis C viremia with cirrhosis. In sum, up to 50 % of the general HIV population may be affected by such impairments. And even the milder forms have significant negative outcomes on patients' quality of life and performance measures, such as driving, employment, and medication management [12••].
Research in neuro-HIV over the past decade has been heavily focused on HAND because of its continued high prevalence despite successful viral suppression and restoration of immune status with CART. This section will highlight some of the advances regarding screening tools, pathogenesis, and treatment trials for HAND.
Screening for HAND has been difficult in the recent era because of the often subtle forms of impairment that do not present as frank dementia. Validated screening tools that evaluate for specifically HIV dementia include the HIV Dementia Scale and the International HIV Dementia Scale, although both of these were developed before the 2007 AAN consensus guidelines [13, 14] . When both the HDS and IHDS were studied to screen for both MND and HAD, the sensitivities and specificities were lower than when originally studied to screen only for HIV dementia [15] . Newer measures that are commonly substituted for a more comprehensive neuropsychological (NP) battery are composites of several NP tests, including the NPZ-4 or NPZ-5, which offer a truncated version of the more extensive NP tests that are required for the diagnosis; however, these still typically require some familiarity with cognitive testing outside the realm of general practitioners [16] [17] [18] . A recently reported study of HIV-1 infected military personnel revealed that abbreviating an NP battery of greater than an hour to two, three, or four tests, all of which were under 20 min of total administration time, showed well-preserved sensitivities and specificities for detecting cognitive impairments [19] .
The Montreal Cognitive Assessment (MOCA) is a 5-to 10-min bedside tool that covers a broad range of cognitive measures, including tests for subcortical abnormalities commonly encountered with HAND. An abbreviated version of the MOCA showed promise for early detection of neurocognitive impairments in a cohort of HIV-infected patients, although more detailed study is needed to further validate this widely-used screening test for patients with HIV [20] . Additionally, a 3-min screen that includes age, current CD4 cell count, history of CNS disease, and duration of CART therapy provided good sensitivity and specificity for detecting HAND; further studies are reportedly ongoing and may show significant promise for appropriately identifying patients at risk of HAND [21•] . A brief screening tool for practitioners is essential for early identification of those with HAND presenting to general medicine or HIV specialist clinics so that appropriate therapies can be instituted.
Such therapies that have the aim of stabilizing or modifying HAND have also been a significant research interest over the past years. CART has been the mainstay therapy for HAND, since its impact on both CD4 + T-cell count and HIV RNA viral load addresses the underlying factors most strongly associated with the development of neurologic complications of HIV. However, a nadir CD4 + count, rather than current CD4 + count or current plasma viral load, may play a more important role, since nadir count has been a consistent risk factor associated with eventual development of HAND [11••, 22, 23] . Indeed, HAND may be somewhat refractory to initiating CART even if aviremic for an extended time period. After a mean of 63 months of CART treatment, 62.8 % of an Italian cohort with neurocognitive impairment at baseline had persistent impairment, despite the majority of patients achieving virologic suppression (≤50 copies/ml of HIV RNA in plasma) while on therapy [24] . In contrast, in a large study of both HIV-infected and HIV-uninfected men without cognitive symptoms, there were no differences after 5 years of serial cognitive testing on measures of psychomotor speed and speed of mental processing, even among stratified groups of HIV-infected men, including those who had long-standing viral control on CART [25] . It is reassuring that previously unaffected individuals continue to preserve cognitive measures over time if the virus remains well controlled; however, it appears that prior cognitive impairment does not significantly benefit cognitive outcomes as much as might be expected. Further longitudinal analyses are needed to come to conclusions regarding the cognitive impact of CART for those with and without baseline neurocognitive impairment.
Adjunctive therapies for CART in patients with HAND have received considerable attention in several controlled clinical trials, but unfortunately, these have had unsuccessful results. Minocycline, an antibiotic derivative with neuroprotective and antiinflammatory in vitro effects, did not show significant improvements in cognitive performance after a 24-week trial [26] . Memantine, an N-methyl-Daspartate NMDA-receptor blocker that is currently FDAapproved for the treatment of Alzheimer's disease, did not lead to neurocognitive improvement after an initial 20-week double-blind phase; however, after the first 12 weeks of a subsequent open-label phase, the group who had been randomly assigned to memantine in the blinded phase had significant improvements in cognitive performance not seen in the group previously assigned to the placebo group [27] . When this open-label study was extended to 48 weeks, the original memantine group had stable performance, and the original placebo group had improved performance. While the open-label results of memantine are promising, the lack of benefit from the double-blind phase suggests either that ascertainment bias accounted for the participants' improvements in the open-label phase or that the time length of the blinded study was inadequate to detect meaningful neurocognitive benefit. Similar results were seen with transdermal selegeline, a monoamine oxidase (MAO)-B inhibitor with an unsuccessful 24-week double-blind phase result and improvements later seen in all treatment groups after an additional 24 weeks of an open-label phase [28] . Benefits from nontherapeutic interventions such as cognitive rehabilitation have shown some promise in early-phase studies [29, 30] , although larger trials are needed to more adequately assess the impacts of such interventions.
Another potential treatment strategy currently under investigation for HAND involves the variation in each antiretroviral therapy to penetrate the CNS. Such quantification of a CNS penetration-effectiveness (CPE) score for different cART regimens has led many to consider whether changing or initiating a regimen with a higher CPE score clinically benefits appropriate patients. To date, results have not led to recommendations for such regimens, and research continues to evolve. Authors have demonstrated that CPE scores are associated with HIV-1 viral suppression in CSF [31, 32] and improved neuropsychological performance [17] . Some results have been conflicting [32] , and a blinded and randomized trial is needed to further define whether higher CPE regimens are indicated for those affected with HAND.
Additional research developments in our understanding of HAND have focused on determining potential etiologies. While the direct and indirect roles of HIV-associated CNS injury have been described, newer associations with both vascular disease and amyloid deposition likely contribute to HAND pathogenesis, especially in older HIV-infected individuals. The cumulative effects of cerebrovascular disease from risk factors such as cardiovascular disease [16] , hypertension [16] , carotid intima media thickness [33] , glomerular filtration rate [33] , diabetes [34] , and obesity [34] are associated with an increased rate of cognitive impairments in those with HIV. And extracellular amyloid deposition, similar to that seen with normal aging and admittedly different from the pattern of amyloid deposition seen in Alzheimer's disease, has been shown to occur in HIV-infected individuals at significantly younger ages than in HIVuninfected patients [35, 36, 37•, 38] . The understanding of contributing factors other than HIV itself has led to a new framework for viewing the mechanisms behind the development of HAND, as can be seen in Fig. 1 . This model is especially notable because both cerebrovascular disease and amyloid deposition are additional targets for intervention that could improve the clinical course of HAND beyond that of CART alone.
HIV-Associated Sensory Neuropathy (HIV-SN)
HIV-SN is another neurologic complication of HIV that continues to have a persistent effect on patients despite CART availability and viremic control, at least in developed countries. In the CHARTER cohort of HIV-infected patients, with the majority of patients meeting criteria for an AIDS diagnosis with a median nadir CD4 count of 175 cells/μl although with a current median CD4 count of 419 cells/μl, 57.2 % had at least one abnormal sensory sign bilaterally on a standardized examination consistent with SN [39••] . Slightly more than one third of the participants had prior exposure to an antiretroviral associated with the development of SN (stavudine, didanosine, or zalcitabine, the "D-drugs" that are all nucleoside reverse transcriptase inhibitors), while about 13 % had current exposure to the Ddrugs. Risk factors other than neurotoxic drug exposure and low nadir CD4 + cell count in the current era include current CART use and older age. And for patients with currently suppressed plasma viral loads, low nadir CD4 + cell count was the best predictor of HIV-SN, as is seen in HAND. The presence of HIV-SN was associated with reduced employment rates and with impairments in daily living activities, again highlighting the disability encountered with various forms of HIV-related neurologic disease. And of the patients with HIV-SN, 60.8 % had associated neuropathic pain that increased the odds of unemployment or impairments with daily living activities even further.
The overall prevalence and risk factors for HIV-SN are similar to those reported in the pre-CART era Fig. 1 Different mechanisms (cerebrovascular disease, amyloid deposition, and comorbidities) for varied age groups may contribute to decreased brain reserve that promulgates HIV-associated neurocognitive disorders. Courtesy of Ned Sacktor, MD [40, 41] , with a notable exception being that prior, rather than current, D-drug therapy is a risk factor for HIV-SN in the modern era. Additionally, just the use of CART is now a risk factor for HIV-SN that could possibly reflect the continued use of stavudine in many CART regimens, or there may be other contributing factors such as less well recognized neurotoxic therapies [39••] . Other potential considerations for sources of HIV-SN include current substance use disorders [42] , mood and other neurologic disorders [43] , and, interestingly, neurocognitive performance on tests of psychomotor speed [44] .
Recent research developments in HIV-SN include the use of skin punch biopsy for measuring epidermal nerve fiber density (ENFD), as well as the development of a rodent model of HIV-associated painful neuropathy. ENFD correlates strongly with both clinical and electrophysiologic measures of HIV-SN [45] . This is especially important because ENFD provides a measurement that correlates with disease severity; thus, it can be followed longitudinally for treatment trials to quantitatively evaluate potential changes in HIV-SN. Similarly, the rodent model has allowed more extensive research possibilities, since it has been used in studies examining the mechanisms behind HIV-induced peripheral nerve injury [46, 47] . Finding specific disease-related targets such as N-type voltage-gated calcium channels [48, 49] is crucial in developing treatments that could effectively treat neuropathic pain or repair peripheral nerve injury. Unfortunately, there are currently no FDA-approved therapies specifically for HIV-SN; however, trials of potential neuroregenerative treatments are ongoing. Current treatment is focused on relieving neuropathic pain, typically with agents that include gabapentin, pregabalin, or duloxetine, although controlled trials of these medications for HIV-SN have typically been limited by small sample sizes that may limit conclusions regarding efficacy [50•] .
Conclusion
The toxic effects of HIV on the neurologic system were known even before the identification of HIV as the causative agent. Despite this, there are numerous unanswered questions that remain. As the population living with HIV ages and becomes susceptible to more agerelated comorbidities, these questions will continue. Potentially, with the development of additional animal models, the introduction of effective screening tools, and the availability of cohort studies with greater longitudinal data, these unknowns will become answerable so that effective therapies targeting the disease mechanisms can reduce the significant disability and mortality associated with neurologic complications of HIV.
Disclosure No potential conflicts of interest relevant to this article were reported. forms of HAND not only are important for researchers, but also are valuable for clinicians, especially with the understanding of how the different forms vary by level of testing performance and level of daily impairments. Additionally, the article includes descriptions of how cognitive impairments in HIV-infected persons have changed over the years, and it is important to clinically recognize the often subtler symptoms that are prevalent now. 
